Artemisinin has been used in the production of "artemisinin combination therapies" for the treatment of malaria. Feeding of precursors has been proven to be one of the most effective methods to enhance artemisinin production in plant cultured cells. At the current paper, the biosynthesis of artemisinin (ART) and its four analogs from dihydroartemisinic acid (DHAA) in suspensioncultured cells of Artemisia annua were investigated. ARTs were detected by HPLC/GC-MS and isolated by various chromatography methods. The structures of four DHAA metabolites, namely, dihydro-epi-deoxyarteannuin B, arteannuin I, arteannuin K, and 3--hydroxy-dihydro-epi-deoxyarteannuin B, were elucidated by physicochemical and spectroscopic analyses. The correlation between gene expression and ART content was investigated. The results of RT-PCR showed that DHAA could up-regulate expression of amorpha-4,11-diene synthase gene (ADS), amorpha-4,11-diene C-12 oxidase gene (CYP71AV1), and farnesyl diphosphate synthase gene (FPS) (3.19-, 7.21-, and 2.04-fold higher than those of control group, resp.), which indicated that biosynthesis processes from DHAA to ART were enzyme-mediated.
Introduction
Malaria is one of the most prevalent and devastating parasitic diseases worldwide, with 350 to 500 million febrile episodes observed yearly in African children alone and more than 1 million malaria-related deaths each year [1] . Artemisinin (ART) is a drug obtained from the plant Artemisia annua that has been recently recommended by the WHO in combination with other antimalarial drugs to treat drug-resistant Plasmodium falciparum strains, cerebral malaria, and malaria in children [2] . Plant cultivation is one of the major strategies for the production of ART [3] . However, plant cultivation is time consuming (needs several months), affected by climate and insect. In addition, the concentration of ART in A. annua is relatively low and unstable [4, 5] . Attempts to produce the precursor of ART in engineered yeast have succeeded and ART could also be obtained by chemical synthesis. But no ART is directly produced in any engineered yeast. Bioengineered target organisms have been established attempting to produce ART but with low concentration [6] [7] [8] . Therefore, a considerable interest in recent years has been focused on understanding the natural biosynthetic pathways of ART, the enzymes involved, and the underlying genetic expressions [5] .
It is well known that biosynthesis of ART includes three stages, that is, the formation of farnesyl pyrophosphate (FPP) from acetyl-CoA, the synthesis of sesquiterpene, and the formation of ART via lactonization ( Figure 1 ). Farnesyl pyrophosphate synthase (FPS) catalyzes condensation of isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) to produce FPP, which is the starting point of a large variety of important isoprenoid end products, including ART [9] . The cyclization of FPP to generate amorpha-4,11-diene catalyzed by amorpha-4,11-diene synthase (ADS) has been suggested as the first committed and limiting step in ART biosynthesis [10] . CYP71AV1, a cytochrome P 450 , could oxidize amorpha-4,11-diene to generate artemisinic aldehyde intermediates, which might be further catalyzed to dihydroartemisinic acid (DHAA) by artemisinic aldehyde Δ11(13) reductase (Dbr2) and aldehyde dehydrogenase (Aldh1) [11] [12] [13] . DHAA was supposed to be converted chemically into ART by an oxygen-mediated photochemical oxidation in vitro, which was a nonenzymatic process [14, 15] . Some experimental results also demonstrated that enzymatic catalysis or both enzymatic catalysis and autooxidation might occurr in the pathway from DHAA to ART in A. annua [16] .
Feeding of precursors is one of the most effective strategies employed to increase the production of important secondary metabolites in cells and organ cultures [17] . Some precursors such as sodium acetate, mevalonic acid lactone, casein acid hydrolysate have been investigated to enhance yield of ART in plant and cell cultures of A. annua [17, 18] . However, little information is known about feeding DHAA, the immediate precursor of ART, to the plant cultured cells of A. annua. Does the feeding of DHAA increase the yield of ART? And what kind of mechanism exists in the procedures? At the current paper, effect of DHAA on the accumulation of ART in suspension-cultured cells of A. annua was investigated. The mechanism of biosynthesis pathway from DHAA to ART was also proposed.
Experimental Section

General.
1 H and 13 C nuclear magnetic resonance (NMR) was recorded on a Bruker DRX-400 spectrometer, the chemical shifts ( ) were given in ppm relative to TMS as an internal standard, and coupling constants were given in Hz.
Silica gel (100-200 and 200-300 mesh) was used for column chromatography (CC), and silica GF 254 (10-40 ) for TLC was supplied by the Qingdao Marine Chemical Factory, China. ODS (YMC Co., LTD, Japan) and Sephadex LH-20 (Pharmacia Co.) were also used for separation. HPLC analysis was performed on a Agilent 1200 liquid chromatography system (Palo Alto, CA, USA), equipped with vacuum degasser, quaternary gradient pump, autosampler, and a Alltech ELSD 2000ES (Grace Davison Discovery Sciences). An Agilent Hypersil ODS column ( 4.6 mm×250 mm, 5 m) and guard column (4.6 mm × 12.5 mm, 5 m) were used. A binary gradient elution system consisted of water (A) and methanol (B) and a separation procedure was achieved using the following gradient program: 0-5 min 40-50% B; 5-10 min 50-60% B; 10-15 min 60-70% B; 15-20 min 70-85% B; 20-25 min 100% B, and finally, reconditioning the column with 40% B isocratic for 2 min. The flow rate was 0.8 mL/min, and the system operated at 30 ∘ C. The detection wavelength was set at 230 nm. GC-MS was performed in a gas chromatographer GC7890-5975MSD (Agilent). The GC was set at the following conditions: the column: DB-5 (30 m × 0.25 mm, 0.25 m), the carrier gas: helium, pressure: 11.4 psi, total flow: 27.8 mL/min, column flow: 1.0 mL/min, purge flow: 3.0 mL/min, and a split ratio of 20 : 1. Column temperature was set at 80 ∘ C for 1 min, then 4 ∘ C/min to 206 ∘ C, 3 ∘ C/min to 230 ∘ C, and finally 15 ∘ C/min to 300 ∘ C for 20 min. Inlet heater was set at 280 ∘ C, solvent delay time was 4 min, and Mass scan parameter was from 35 to 500. The temperature of ms source is 230 ∘ C; ms quad was 150 ∘ C.
Chemicals. DHAA was extracted and isolated from A.
annua by authors according to the referenced protocol [19] . The structure of DHAA was determined by MS and NMR. Its purity was > 98% by HPLC analysis. ART was purchased from 
Plant Cultured Cells.
A. annua cells were subcultured routinely every 3 weeks using MS medium containing 2,4-dichlorophenoxyacetic acid (2,4-D, 0.5 mg/L) and 6-benzylaminopurine (6-BA, 1 mg/L) and transplanted to 500 mL conical flask containing 200 mL of medium and then cultured on a rotary shaker (110 rpm) for 13 days at 25 ∘ C in the dark.
Detection of Secondary Metabolites after Feeding of DHAA.
Three groups of experiments were taken out to check whether biosynthesis process occurred. Group I contained cultured cells and DHAA; group II was the first control experiment, consisting of cultured cells but without DHAA; group III was the second control experiment, in which only DHAA existed. The procedure of experiment group I was as follows: DHAA (5 mg) in ethanol (0.1 mL) was administered to the flask containing the suspended cells (precultured for 13 days) of A. annua and then cocultured at 25 ∘ C on a rotary shaker in the dark (110 rpm) for two days. After incubation, cells and medium were separated by filtration with suction. Filtered medium was extracted with EtOAc and concentrated to dryness (fraction 1, Fr. 1), with the medium further extracted with n-BuOH and then treated with above method to obtain fraction 2 (Fr. 2). The cells were extracted with MeOH for 12 h and sonicated for 20 min. The MeOH fraction was concentrated and partitioned between H 2 O and EtOAc and EtOAc solution was concentrated to dryness (Fr. 3); then further H 2 O solution was extracted with n-BuOH and then treated with above method to obtain fraction 4 (Fr. 4). Four fractions were analyzed by TLC, HPLC, and GC-MS. To group II, 0.1 mL of ethanol was added to the medium. For group III, DHAA (5 mg) in ethanol (0.1 mL) was administered to the medium. Extraction and analysis processes of the two control experiments were the same as those described above.
Biosynthesis of ART and Its
Analogs. DHAA (110 mg) was dissolved in ethanol (1.1 mL), distributed among 22 conical flasks with 13-day-old cells, and incubated for additional 2 days. The culture and extraction conditions were as same as above described. Fr. 3 was further purified on column chromatography by silica gel, Sephadex LH-20, and ODS. The same procedure was repeated 5 times. 
Investigation of the Optimal Conditions for ART Synthesis.
Cultured cells of A. annua (10 g) were transferred to a 500 mL conical flask containing 200 mL medium and cultured by continuous shaking for 13 days at 25 ∘ C. DHAA (12.5, 25, 50 mg/L) was added to the suspension cultures and incubated at 25 ∘ C in a rotary shaker (110 rpm). At 1-day intervals, three of the flasks in each concentration group were taken out from the rotary shaker, and then the cells and medium were separated by filtration. The extraction and analysis procedures were the same as those described above. The yield of ART was calculated on the basis of the peak area from HPLC using calibration curves prepared by HPLC-ELSD and was expressed as micrograms per liter culture.
Expression of ART Biosynthetic
Genes. For semiquantitative RT-PCR analysis, DHAA (25 mg/L) was added to the cultured cells, with ethanol as control. After two days of coculture, total RNAs were prepared with Trizol reagent (Invitrogen, USA) by the method of Wen [20] . After the RNA pellet was dissolved in 20 L of DEPC-treated water, transcript levels of HMGR, FPS, ADS, CYP71AV1, and CPR genes in elicited and control cultures were measured by semiquantitative RT-PCR using PrimeScript One Step Kit Ver.2 (TaKaRa Biotechnology Co., Ltd., Japan) according to manufacturer's manual. Gene-specific sense and antisense primers for HMGR, FPS, ADS, CYP71AV1, and CPR genes were designed in accordance with literature [21] . The PCR products were loaded onto 1.5% agarose gel and then the results were compared. RT-PCR images were obtained and band intensities were quantified by Image J software. All samples were assayed in triplicates, and the mean expression values were calculated.
Results
Detection of Biosynthesis Products of DHAA by GC-MS.
Biosynthesis products of DHAA were found in EtOAc extraction of group I (Figure 2 appeared, which showed that enzyme-catalyzed reaction or autooxidation likely occurred in group I.
At least 16 new peaks (a∼c, f∼h, j∼s) were generated from enzyme catalysis (Figure 2 ). Among them, 5 peaks were structurally elucidated to be dihydro-epi-deoxyarteannuin B (c), arteannuin I (f), arteannuin K (k), artemisinin (o), and 3--hydroxy-dihydro-epi-deoxyarteannuin B (r). Furthermore, the other 3 peaks were determined to be arteannuin H (j), arteannuin L (l), and arteannuin M (n) by GC-MS [16, 22] . Full scan mass spectra of peaks (j), (l), (n), and (o) were provided as supplementary materials. Results above showed that ART analogs were produced after the feeding of DHAA. Therefore, enzyme catalysis might be involved in the process.
Biosynthesis of ART and Its Analogs.
Five biosynthesis products were isolated after DHAA was incubated with the suspension-cultured cells of A. annua for two days (Figure 3) . Five compounds, ART, dihydro-epi-deoxyarteannuin B, arteannuin I, arteannuin K, and 3--hydroxy-dihydroepi-deoxyarteannuin B, were elucidated by comparing the physicochemical properties and spectra data (NMR, EI-MS, and GC-MS) with those of references [21, 22] . Data were shown as follow. 
ART. Oil ( 33.256 min in GC-MS).
Dihydro-epi-deoxyarteannuin B. Oil ( 29.142 min in GC-MS).
Optimal Biosynthesis Conditions of ART and Its Analogs.
To determine the optimal biosynthesis conditions, different concentrations of DHAA and the coculture time were investigated. The results indicated that there was no ART detected in the two control groups and DHAA (50 mg/L) treated group (Figure 4) . High amount of DHAA (50 mg/L) showed great toxicity to the culture cells, which made the cells dead from the first day. The highest yield (237.5 g/L) occurred on day 2 after the coculture in DHAA (25 mg/L) treated group. Therefore, the optimal condition for ART production was shown as follow: precultured time for cells of A. annua: 13 
Expression Analysis of ART Biosynthetic
Genes. As shown in Figure 5 , ADS, CYP71AV1, and FPS transcript levels in cultured cells of A. annua were upregulated by the addition of DHAA, in which the transcript abundances were 3.19-, 7.21-, and 2.04-fold higher than those of the control group, respectively. While CPR and HMGR transcripts were detected both in the control group and in the DHAA-treated group, the transcript abundances for these two groups appeared little different.
Discussion
DHAA was found to undergo slow autooxidation to ART and some natural products in the presence of light and singlet oxygen. This process took several weeks and no transformations were observed when DHAA was kept in the dark [14] . In our experiment, ART and other products were obtained after two days administration of DHAA to the cultured cells of A. annua. This biosynthesis process occurred in the dark, and such a circumstance was not favorable for autooxidation. In contrast, ART and the other products were not found in the two control groups (Figure 2) . The results indicated that in the biosynthesis process from DHAA to ART in suspension-cultured cells (group I), enzyme catalysis existed. This result is also in accordance with reference [21] . To verify above result, the experiment of ART biosynthetic genes expressions was designed in the present study.
RT-PCR analysis of five important genes in the biosynthetic pathway of ART, namely, HMGR, FPS, ADS, CYP71AV1, and CPR, was carried out under the optimal condition for ART production. Under this condition, the content of ART was the highest (237.5 g/L). Results indicated that DHAA was the essential intermediate for the biosynthesis of ART and it could greatly increase the expression levels of ADS, CYP71AV1, and FPS genes. It was reported that the content of ART would increase when ADS and CYP71AV1 were induced [23] . The results of our study showed that the biosynthesis of ART was enzymatic regulation and the upregulation of genes leading to the enhancement in production of ART.
In this study, the suspension cells of A. annua were cultured on MS medium, with 0.5 mg/L of 2,4-dichlorophenoxyacetic acid (2,4-D) and 1 mg/L of 6-benzylaminopurine (6-BA) at 25 ∘ C in the dark. The culture condition was different from the reference in which high concentration of ART was reported [16] . The main difference between the culture conditions was the usage of hormones. Naphthylacetic acid (NAA, 2 mg/L) was used in the reference while 2,4-D and 6-BA were used in our study. It is well known that hormones play an important role in the production of secondary metabolites. Different hormones may result in different type of metabolites with different concentration. An example in case was that 2,4-D inhibited alkaloid accumulation in the cultured cells of Catharanthus roseus [24] . More interesting, genes were repressed in suspension-cultured cells of C. roseus with 2,4-D [25] .
Another possible reason for the low yield of ART in our investigation was that the accumulation of some genes expression products might be light related [26] . In our experiment, research was carried out in the dark. Therefore, transcript abundance of those genes may be blocked. Furthermore, the addition of DHAA could effectively enhance the expression of three important genes, FPS, ADS, and CYP71AV1, leading to the enhancement of ARTs in suspension-cultured cells of A. annua.
To our knowledge, this is the first report to investigate the enzymatic synthesis of ART and its four analogs from DHAA in suspension-cultured cells of A. annua. The yields of ARTs were significantly increased after DHAA was fed to the suspension-cultured cells of A. annua. Positive correlation was observed between ART content and the upregulation of FPS, ADS, and CYP71AV1 genes.
